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Abstract. There is strong evidence that new physical degrees of freedom and new 
phenomena exist and may be revealed in future collider experiments. The best hints 
I of what this new physics might be are provided by electroweak symmetry breaking. I 

briefly review certain theories for physics beyond the standard model, including the 
top-quark seesaw model and universal extra dimensions. A common feature of these 
. models is the presence of vector-like quarks at the TeV scale. Then I discuss the role 

I of a linear e~^e~ collider in disentangling this new physics. 
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2 : THE CASE FOR NEW PHYSICS 

O , 

■ The observed fundamental particles, namely the SU{3)c x SU{2)iy x U{1)y 

gauge bosons, the longitudinal degrees of freedom of the W"^ and and three 



QJ , generations of quarks and leptons, may explain in principle all observed physical 

phenomena. However, there is strong evidence for the existence of new phenomena 
at higher energy scales than the ones probed so far. The most robust argument 



H ' is provided by the perturbative violation of unitarity in the WW scattering, at a 

scale of order 1 TeV [1]. Therefore, either the W and Z have strongly coupled self- 
interactions at the TeV scale, or new fundamental degrees of freedom exist. The 
scale of these new phenomena is within the reach of future collider experiments, 
and exploring them is at the heart of high-energy physics. 

The standard model accomodates rather well all available data, especially when 
the Higgs boson is light [2]. More generally, any model with a decoupling limit [3] 
given by the standard model is viable, at least in that limit. These are models in 
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which all the particles beyond the standard model may be given large electroweak- 
symmetric masses. I will refer to them as "decoupling models". In practice, the 
decoupling may be only partial, so that new particles with electroweak-symmetric 
masses of order 1 TeV give rise at the electroweak scale to higher-dimensional op- 
erators which may change the fit of the standard model to the data. In particular, 
the Higgs boson mass may be larger in this case, even close to the triviality bound 
[4]. In what follows I will concentrate on decoupling models, but one should keep 
in mind that it is not currently possible to rule out all models without a Higgs bo- 
son, because the physical quantities relevant for comparing with the data typically 
cannot be computed when the interactions are non-perturbative. 

Even if a standard-model-like Higgs boson will be discovered, and maybe for a 
while no experimental data will hint at other new physics, there are robust the- 
oretical reasons to expect physics beyond the standard model. First, the Higgs 
self-coupling increases with the energy and the theory breaks down at some scale. 
Second, the U(l)y gauge coupling is also ill-behaved at high energy. Third, the 
standard model docs not include gravity, while the measured gravitational effects 
are produced by matter composed of standard model particles. Additional reasons 
to expect new physics arc given by the large number of parameters in the standard 
model, the large hierarchies between their values, and the rather strange field con- 
tent of the standard model (for example, the Higgs doublet is the only scalar field, 
and does not appear to be theoretically motivated.) 

It would be highly desirable that a theory which includes both the standard 
model and gravity explains why the electroweak interactions arc so much stronger 
than the gravitational interactions. Currently, the only possible explanations for 
this hierarchy between the electroweak and Planck scales require new particles 
with mass of order 1 TeV. The decoupling models may be classified according 
to the solution for the hierarchy problem into supersymmetric extensions of the 
standard model, theories with a composite Higgs doublet, and theories with extra 
dimensions. Although convenient, this classification is not clear-cut given that there 
are supersymmetric models in extra dimensions [5,6], models of extra dimensions 
that generate composite Higgs doublets [7-9], as well as supersymmetric models of 
Higgs compositcncss [10]. 

The supersymmetric extensions of the standard model and theories with extra 
dimensions accessible only to gravity have been covered in other talks at this con- 
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ference [11], so here I review only models with composite Higgs doublets and/or 
standard model fields in extra dimensions. I also discuss their implications for 
experiments at a linear e'^e~ collider. 



The quarks and leptons are chiral, in the sense that their left- and right-handed 
components have different SU{2)w x C/(l)y charges. New chiral fermions would 
have large contributions to the electroweak observables and the current data place 
strong constraints on their number, charges and mass splittings. On the other 
hand, vector-hke fermions, defined as having the same gauge charges for the left- 
and right-handed components, are much less constrained. This can be seen from 
the fact that their masses preserve the electroweak symmetry, so that in the limit 
where their mass is much above the electroweak scale v ^ 246 GeV, their 
contribution to the electroweak observables is suppressed by v^jrr?^ [12]. 

If a vector-hke fermion has the same SU{?>)c x 'S'C/(2)vk x C/(l)y charges as a 
standard model fermion, then it may couple to the Higgs doublet. In the case where 
this coupling is large, or the number of vector-like fermions is large, the properties 
of the Higgs field change rapidly at scales above the fermion masses. To see this, 
consider a vector-like quark x that has the same charges as the right-handed top 
quark Ir. Then the most general renormahzable couphng (up to an C/(2) global 
transformation acting on ij?, xr) of X to the Higgs doublet H may be written as 



Here g| is the top-bottom left-handed doublet, is a Yukawa coupling constant, 
while m^t and electroweak symmetric masses. The eigenvalues of the mass 

matrix obtained by replacing the Higgs doublet with its VEV represent the top 
quark mass, mt, and the mass of the new quark: 



If the Yukawa coupling is large at the scale m^^ then its scale dependence is very 
strong and it blows up at a scale Ac not far above m^. The dominant contribution 
to this effect is the Higgs wave function renormalization shown in Fig. 1. In fact this 
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would be the only leading contribution if the number of colors were very large 
(rather than A^^ = 3), which may be seen as an indication that this phenomenon 
persists at strong coupling. 



large coupling (^^ ~ 3) 

FIGURE 1. Vector-like quark contribution to the Higgs self-energy. 

The Yukawa coupling that seemingly blows up is a signal for new physics at the 
scale Ac. The simplest interpretation is that the scalar H ceases to be a physical 
degree of freedom above Ac. A confirmation for this interpretation is given by 
viewing the one-loop graph in Fig. 1 as a correction to the Higgs kinetic term 
rather than a change in the Yukawa coupling. Normalizing the coefficient of the 
Higgs kinetic term to unity at the clectrowcak scale, one finds that it vanishes at 
the scale Ac because the correction is negative and sufficiently large at that scale. 
Therefore, the Higgs doublet is no longer a propagating field at higher scales. It is 
then natural to assume that iJ is a composite field, with some constituents bound 
by a strongly-coupled interaction. Furthermore, the large Yukawa coupling reveals 
the constituents: xr ^-iid This implies that the strongly-coupled interaction 
should not confine, otherwise the top-bottom left-handed doublet would not be 
present in the effective low-energy theory. Ac is called the compositeness scale, 
and may be in the TeV range if the Yukawa coupling is sufficiently large at the 
electroweak scale (^-^ ~ 3 — 4 based on the large- A^c computation.) The exchange 
of the non-propagating H field at the compositeness scale induces a four-quark 
contact term of the form {(1^lXr){Xr(1l) / with a large dimensionless coupling. 
This interaction represents the dominant effect of the strongly-coupled interaction 
responsible for binding the Higgs doublet, and is indeed non-confining, being weak 
at long-distance. 

The model of Higgs compositeness described so far is called the top-quark seesaw 
theory [13,14], because in the limit ^^v,m^t ^ ^xx ^*^P i^^-ss is suppressed 
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compared with the electroweak asymmetric fermion mass, ^^v/\/2, by a seesaw 
mechanism. 

The Higgs self-couphng, {—\h/2){H^HY, is also affected by the large Yukawa 
coupling. The one-loop RGE for \h is given by 

^ = 4^ (^'^^J - + ^9 ■ 

The Higgs boson mass is determined by the self-coupling, — \/XhV. The case 
where the Higgs boson is light, A/^ -C implies that Xh decreases at higher scales. 
This situation would be hard to reconcile with the fact that the Higgs self-coupling 
is given by the strongly-coupled interaction between the Higgs constituents. One 
may infer that Xh is rather large and positive at the electroweak scale, so that the 
Higgs boson is heavy, with a mass Mh estimated to be of order 500 GeV [4,15]. 
This Higgs mass prediction has clearly large theoretical uncertainties due to the 
non-perturbative interactions involved in compositeness, but the large Higgs self- 
coupling appears to be a rather generic consequence of the strongly-coupled binding 
interaction. It is possible though that there exist several composite Higgs fields [14], 
in which case the mixing among the various CP-even Higgs bosons may allow the 
lightest one to have standard-model-like couplings and a mass close to the current 
LEP 11 bound [17]. 

Whether the Higgs boson is as light as ~ 115 GeV, or as heavy as 500 GeV, 
the top-quark seesaw theory remains viable: in the former case it would be in the 
decoupling limit 3> v; in the latter case it would require the vector-like quark 
to have a mass closer to the TeV scale, such that its isospin-violating effects render 
the electroweak observables in agreement with the current data [4,16]. 

When the effective theory below the compositeness scale includes an extended 
Higgs sector, it is possible that a light Higgs boson, with nearly standard couplings 
to fermions and gauge bosons, has completely non-standard decay modes. This 
happens whenever a CP-odd scalar has a mass less than half the Higgs mass and 
the coupling of the Higgs to a pair of CP-odd scalars is not suppressed. The Higgs 
boson decays into a pair of CP-odd scalars, each of them subsequently decaying 
into a pair of standard model particles, with model dependent branching ratios [18]. 
A linear e+e^ collider may prove very useful in disentangling the composite nature 
of the Higgs boson with non-standard decays, by measuring its width and branching 
ratios. 



5 



The heavy quark constituent of the Higgs has a mass m^^ of a few TeV. Neverthe- 
less, a hnear e+e" coUider operating at y/s — 500 GeV, or above, may already see 
the effects of the mixing between the top and x [19]- For this it will be necessary 
to determine the Ztt coupling at the few percent level. 

The interaction responsible for binding the Higgs field, and approximated with a 
four-quark interaction at the Ac scale, is provided by a spontaneously broken gauge 
symmetry, such as topcolor [20], or some flavor or family symmetry [21]. Such 
interactions are non-confining, and also asymptotically free, allowing for a solution 
to the hierarchy problem. Above the compositeness scale there must be some 
additional physics that leads to the spontaneous breaking of the gauge symmetry 
responsible for binding the Higgs. This may involve new gauge dynamics [16], or 
fundamental scalars and supersymmetry. A linear e'^e^ collider could study these 
interesting strongly-interacting particles only if it operates at energies above a TeV. 
Evidently, the CLIC design, with the acceleration provided by a high-intensity beam 
that allows a center of mass energy of a few TeV, is highly desirable in this context. 

Other models of Higgs compositeness have been proposed recently [22-24] , and 
each of them has interesting phenomenological consequence with implications for a 
linear e'^e" collider. 

STANDARD MODEL IN EXTRA DIMENSIONS 

Extra spatial dimensions accessible to standard model particles are constrained 
by the Tevatron and LEP data to be smaller than of order (1 TeV)~^. The existence 
of TeV-size extra dimensions is a logical possibility, motivated by various theoretical 
considerations, such as the generation of hierarchical quark and lepton masses, or 
the potential for gauge coupling unification at a scale in the TeV range [6] . 

Kaluza-Klein resonances 

The immediate consequence of this scenario is the existence of towers of Kaluza- 
Klein (KK) modes for the particles that propagate in the TeV-size extra dimensions. 
For example, the gluons would have spin-1 color-octet excitations. Their masses 
are given by / R where R is the radius of the extra dimensions and j is an integer 
that labels the KK level. The number of states on each level is a function of the 
number of extra dimensions. For example, with one extra dimension, the only 
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occupied levels have j — k"^ where k is an integer. Both the density of occupied 
levels and the average number of states {Dn) on a level increase with the number 
of extra dimensions. 

The W^Z and photon would have color-singlct spin-1 excitations with a mass 
spectrum similar to the KK gluons, slightly perturbed due to the electrowcak sym- 
metry breaking. In the often considered case where the quarks and leptons are 
localized on a three-dimensional domain wall (a 3-brane), the KK excitations of 
the gauge bosons have the same couplings up to a factor of order one as the cor- 
responding standard model states. Therefore, the Z and photon KK states may 
be produced in the s channel in e^e~ collisions. At the same time, the KK exci- 
tations of the electroweak gauge bosons contribute at tree-level to the electroweak 
observables, and are constrained to lie above ~ 4 TcV in the absence of other com- 
pensating effects. If some standard model fermions propagate in extra dimensions, 
for each of these chiral quarks and leptons there is a tower of vector-like fermions 
with mass separations of order 1/R. A linear e+e^ collider with ^/s = 0.5-1 TeV 
is unlikely to produce directly any of these KK excitations, but is very sensitive 
to their presence via virtual effects. With ^/s in the TeV range, however, a linear 
e~^e~ collider may produce a series of KK resonances, which not only would es- 
tablish the existence of extra dimensions but also would determine the number of 
extra dimensions and their structure. 

A qualitatively distinct case is that all standard model particles propagate in 
extra dimensions. These are called universal extra dimensions. The KK number is 
then conserved at each vertex, so that the KK excitations may be produced only 
in groups of two or more. Hence, the direct bounds from the Tevatron and LEP 
are significantly lower. Moreover, the KK states do not contribute at tree level 
to the electroweak observables. The current mass bounds on the first KK states 
are as low as 300 GeV for 6=1 universal extra dimension, and in the 400 — 800 
GeV range for 6 = 2 [25]. These loose bounds make the universal extra dimensions 
particularly interesting for collider experiments. At ^/s > 600 GeV, a linear e+e~ 
collider could already pair-produce KK leptons, quarks and gauge bosons. One 
possibility is that the KK states decay outside the detector, so that the signal 
would be pairs of highly ionizing tracks. An alternative is that some interactions 
that do not conserve momentum in the extra dimensions allow the KK states to 
decay promptly into pairs of standard model particles. 
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Composite Higgs from universal extra dimensions 



Apart from these phenomenological implications, phenomena due to the extra 
dimensions shed a new hght on the origin of electroweak symmetry breaking. An 
interesting example is provided by the universal extra dimensions. The KK ex- 
citations of the standard model gauge bosons and fermions give rise to a scalar 
bound state with the quantum numbers of the standard model Higgs doublet [9]. 
The Higgs boson appears as a composite scalar with a combination of KK modes 
of the top-quark playing the role of constituents. This can be easily understood 
given that the KK excitations of the gluons and electroweak gauge bosons induce 
a strong attractive interaction between the left- and right-handed top-quark fields. 
It is remarkable that out of the many possible bound states involving the quarks 
and leptons, the most deeply-bound state has the quantum numbers of the Higgs 
doublet. This state acquires a vacuum expectation value and, thus, breaks the elec- 
troweak symmetry. Furthermore, this composite Higgs doublet has a large Yukawa 
coupling to the top-quark. Hence, electroweak symmetry breaking and the large 
top mass are direct consequences of the experimentally determined gauge charges 
of the quarks and leptons. 

At a scale in the TeV range, called for convenience the string scale, A^, the only 
degrees of freedom are the SU{3)c x SU{2)]v x U{1)y gauge bosons and the three 
generations of quarks and leptons, all of them propagating in a higher-dimensional 
spacetime. (At even higher energy scales, the fundamental degrees of freedom of 
a theory incorporating quantum gravity are expected to become relevant, such as 
the winding modes of string theory.) Below the scale A^, fermion-anti-fermion 
pairs bind via the SU{3)c x SU{2)w x U{1)y interactions. Then, below the scale 
1/7? < A^ that sets the size of the extra dimensions, the physics is described by 
an effective four-dimensional theory. This effective theory is the usual standard 
model, with the possible addition of a few other scalars, such as the heavy states 
of a two-Higgs-doublet model. 

This simple model is consistent with all the experimental data, and is also predic- 
tive. The top mass is predicted with an uncertainty of about 20% and is consistent 
with the experimental value. This and, more importantly, the prediction of the 
Higgs quantum numbers are unmatched by the standard model or its supersym- 
metric extensions. However, like the standard model or the MSSM, this model only 
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accommodates without predictions the hght quark and lepton masses. 

The Higgs mass also is determined theoretically, by solving the RGE for xh = 
Xh/^l-i where Xh is the Higgs boson self-coupling and \t is the top Yukawa coupling 
(At ~ 1 at the electroweak scale). Ignoring the electroweak gauge couplings, the 
one-loop RGE for xh is given in the case of two universal extra dimensions by 



dlnxH _ Af(/x)iVKK(/^) 
din// (47r)2 



24 Ug'\i^^) 
12XH + Q + 



(4) 



Due to the strong scale-dependence of the number of KK modes hghter than the 
scale A^kk(a*), the solution of this RGE lies in a narrow interval, being rather 
insensitive to the value of xh at A^. The Higgs boson mass is predicted in turn to 
lie between the 1^1^ threshold and the electroweak scale [9] . The main theoretical 
uncertainty in this computation comes from the possible existence of other com- 
posite scalars, such as the heavy states of a two-Higgs-doublet sector. The mixing 
between the CP-even states could in principle reduce the mass of the lightest Higgs 
boson. 

Assuming that the effects of heavy scalars may be ignored, the Higgs mass predic- 
tion imphes that the Higgs boson decays mostly to 1^1^ and ZZ. The capabihty 
of a hnear e+e~ collider with ^/s — 500 GeV in this case has been analyzed in 
Ref. [26]. More striking than the Higgs physics would be the non-standard phe- 
nomena discussed above, associated with the KK modes. A hnear e+e~ coUider 
operating at a center of mass energy of a few TeV would probe the new physics at 
the electroweak, compactification, and string scales. 
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